Toxicological studies use Bspecialty chemicals^and, thus, should assess and report both identity and degree of purity (homogeneity) of the chemicals (or toxicants) under investigation to ensure that other scientists can replicate experimental results. Although detailed reporting criteria for the synthesis and characterization of organic compounds have been established by organic chemistry journals, such criteria are inconsistently applied to the chemicals used in toxicological studies. Biologically active trace impurities may lead to incorrect conclusions about the chemical entity responsible for a biological response, which in turn may confound risk assessment. Based on our experience with the synthesis of PCBs and their metabolites, we herein propose guidelines for the Bauthentication^of synthetic PCBs and, by extension, other organic toxicants, and provide a checklist for documenting the authentication of toxicants reported in the peer-reviewed literature. The objective is to expand guidelines proposed for different types of biomedical and preclinical studies to include a thorough authentication of specialty chemicals, such as PCBs and their derivatives, with the goal of ensuring transparent and open reporting of scientific results in toxicology and the environmental health sciences.
Introduction
Reproducibility is a well-established scientific concept that is based on the idea that the results of scientific experiments can be replicated and, thus, can be the foundation of new research. To improve the reproducibility of biomedical research, the National Institutes of Health (NIH) recently established principles and guidelines to improve the rigor and reproducibility of preclinical research (National Institutes of Health n.d.). Updated grant application and review instructions were established to ensure that only the most rigorous science is funded. Moreover, NIH established principles and guidelines for reporting preclinical research to ensure that biomedical research is reproducible, robust, and transparent (Landis et al. 2012) . These efforts complement discipline and studyspecific reporting guidelines established by scientific organizations, publishers, and other organizations to ensure transparent and open reporting of scientific results in peer-reviewed publications. Guidelines for the reporting of various studies
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are, for example, accessible through the EQUATOR (Enhancing the QUAlity and Transparency Of health Research) network or have been compiled by the National Institutes of Health (US National Library of Medicine n.d.). These include, for example, the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines for reporting animal preclinical studies, STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) guidelines for observational studies, and PRISM (Preferred Reporting Items for Systematic Reviews and MetaAnalyses) guidelines for systematic reviews. Online tools are available to identify checklists appropriate for specific studies [e.g., the EQUATOR wizard tool, see (Penelope n.d.) ].
The authentication of key chemical resources is one of the new requirements for grant applications required under the new grant application guidelines established by NIH. According to NIH key resources used in preclinical research:
B… 1) may differ from laboratory to laboratory or over time; 2) may have qualities and/or qualifications that could influence the research data; and 3) are integral to the proposed research. These include, but are not limited to, cell lines, specialty chemicals, antibodies, and other biologics.^(National Institutes of Health 2016)
In vitro and in vivo toxicological studies always use Bspecialty chemicals^and, thus, should assess and report both identity and degree of purity (homogeneity) of the toxicants under investigation. Robust reporting criteria for the synthesis and characterization of organic compounds have been established by organic chemistry journals. However, such criteria are rarely and inconsistently applied to specialty chemicals used in toxicological studies, especially those from commercial sources, regardless of the purity designated by the supplier. Highly active minor impurities may, for example, lead to incorrect conclusions about the chemical entity responsible for a toxicological response, which in turn may confound the accuracy of applying experimental findings in risk assessment. Here, we provide a brief review of the pros and cons of different strategies employed for the synthesis of PCB derivatives and discuss two examples where impurities contributed to biological responses in toxicological studies. Based on our experience with the synthesis of PCBs and their metabolites, we subsequently propose guidelines for the Bauthentication^of synthetic PCBs and make recommendations for documenting authentication of chemicals reported in the peer-reviewed toxicology and environmental health journals. These recommendations not only apply to PCBs but also extend to other organic environmental contaminants, such as environmental phenols, perfluoroalkyl, and polyfluoroalkyl substances (PFAS), polybrominated diphenyl ethers, and pesticides.
Materials and methods

Chemicals and reagents
3,3′-Dichlorobiphenyl (PCB 11) was either purchased from a commercial source (denoted hereafter as PCB 11*, batch # 061499MT; AccuStandard, New Haven, CT, USA) or synthesized Bin-house^in our laboratory from 3,3′-dichlorobenzidine by reaction with sodium nitrite and further reduction with H 3 PO 2 (denoted hereafter as PCB 11^). The full characterization of PCB 11^was published elsewhere (Holland et al. 2017) . Methoxylated derivatives of PCB 11, including 2-methoxy-3,3′-dichlorobiphenyl, 4-methoxy-3,3′-dichlorobiphenyl, 5-methoxy-3,3′-dichlorobiphenyl and 6-methxy-3,3′-dichlorobiphenyl, were synthesized from chlorinated benzeneboronic acids and chlorinated iodobenzenes with the Suzuki coupling reaction as described (Song et al. 2008; Zhu et al. 2013) . Internal standards, 13 C-2,5-dichlorobiphenyl ( 13 C-PCB 9; chemical purity 100%; 13 C 12 , 99%) and 13 C-2,2′,3,3′,4,4′,5,5′-octachlorobiphenyl ( 13 C-PCB 194; chemical purity ≥ 98%; 13 C 12 , 98%), were purchased from Cambridge Isotope Laboratories (Andover, MA, USA) and used as analytical standards without further purification. Pesticide grade solvents, such as hexane, were purchased from Fisher Scientific (Pittsburg, PA, USA).
PCB purity determination using gas chromatography-mass spectrometry
In a typical experiment, 1 mg of a PCB derivative was dissolved in 1 mL of hexane. This stock solution was diluted 10-fold and analyzed on an Agilent 6890N gas chromatograph (GC) equipped with an Agilent 5975 Inert Mass Selective Detector (Agilent Technologies, CA, USA) operated in the electron ionization mode and a capillary Supelco SLB-5MS GC column (30-m column length; 250-μm inner diameter; 0.25-μm film length; Sigma-Aldrich, St. Louis, MO, USA). The temperature program was modified based on a published method (Wu et al. 2011) : starting temperature 50°C, 10°C/min to 150°C, then 5°C/min to 280°C, hold for 6 min, and 10°C/min to 300°C, hold for 5 min. A helium flow rate of 1.5 mL/min was used for all analyses. The injector temperature was 280°C, and the temperatures of the transfer line, source, and quadrupole were 280, 230, and 150°C, respectively. This GC method can also be adopted to determine the purity of synthetic PCBs with a GC equipped with a flame ionization detector (McLean et al. 1996; van den Hurk et al. 2002) ; however, the concentrations of the analyte solutions typically need to be higher.
Determination of PCB impurities in synthetic PCBs using congener-specific analysis
To identify trace amounts of other PCB congeners present in a synthetic PCB sample, 1 mg of the PCB derivative was spiked with internal standards ( 13 C-PCB 9 and 13 C-PCB 194; 80 ng each in isooctane) and dissolved in pesticide grade hexane to give final concentrations of 1 mg/mL of the PCB derivative and 80 ng/mL of each internal standard. A calibration standard containing all 209 PCB congeners (50 ng each in isooctane; AccuStandard) and both internal standards (80 ng each in isooctane) in 250 μL of hexane was prepared in parallel. The samples were analyzed with a PCB congener-specific analysis method in the select ion monitoring (SIM) mode to identify minor PCB impurities present in the synthetic PCB samples. This analysis method allows the quantification of all 209 PCB congeners as 162 peaks of individual or co-eluting peaks. The temperature program was as follows: hold at 80°C for 1 min, 2°C/min to 160°C, 1°C/min to 170°C and hold for 15 min, 1°C/min to 180°C and hold for 15 min, 1°C/min to 245°C, then 10°C/min to 300°C and hold for 15 min (Holland et al. 2017; Hu et al. 2015) . The injector and MS temperatures were the same as described above. The flow rate of helium was 1.1 mL/min. The individual and/or co-eluting peaks of PCB impurities were identified and quantified based on the calibration reference standard using the internal standard method. Additional details, including a list of ions monitored in the SIM mode, have been reported earlier (Hu et al. 2015) .
RyR1 single channel recordings in planar lipid bilayer (BLM)
Analysis of single channel gating, the most direct approach for measuring the inherent potency and efficacy of compounds and mutations that modify the RyR1 channel (Pessah et al. 2010) , was used to assess biological effects of both PCB 11 batches. Measurements of a single RyR1 channel were conducted by inducing junctional sarcoplasmic reticulum (JSR) vesicle fusion with BLM, composed of 30 mg/mL phosphatidylethanolamine, phosphatidylserine, and phosphatidylcholine in n-decane (Avanti Polar Lipids, Inc., Alabaster, Alabama, USA). A 10:1 cis/trans chemical gradient of Cs + was built by 500 to 50 mM of CsCl, buffered with 20 mM Hepes, pH 7.4. Channel recordings were made at a holding potential of − 40 mV applied to the trans side (luminal side of the channel) that contained 100 μM Ca
2+
. JSR vesicles, the respective PCB 11 sample, DMSO, and defined free Ca 2+ (2 μM) were introduced to the cis cytosolic channel face, which served as virtual ground. Baseline recording was acquired for 60-200 s and extended for at least 5 min after addition of vehicle or PCBs. Data acquisition was made through Digidata 1440A (Axon Molecular Devices; Sunnyvale, CA, USA), digitized at 10 kHz after 1 kHz lowpass filter (Low-Pass Bessel Filter 8 Pole). Data analysis was performed with pClamp 10.4 (Molecular Devices; Sunnyvale, CA, USA) to calculate channel open probability (P o ), mean open time (τ o ) and mean closed time (τ c ).
Ca
2+ transport measurements
Macroscopic Ca 2+ flux measurements were performed using an Agilent 8453 UV-Visible Spectroscopy System (Agilent Technologies, CA, USA) to confirm the findings from the RyR1 channel gating kinetics as previously described (Wong and Pessah 1996) . Briefly, net uptake or release of Ca 2+ from rabbit skeletal muscle JSR vesicles was detected with the metallochromic dye Arsenazo III at 650 nm and background subtracted at 700 nm at an assay temperature of 35°C. The measurement was conducted in the presence of 100 μg/mL of rabbit skeletal muscle JSR, coupling enzyme (2 mM Mg-ATP; 10 mM phosphocreatine; 20 μg/mL creatine phosphokinase), and 100 mM KCl, 250 μM Arsenazo III, 20 mM MOPS, and 6 mM Na 4 P 2 O 7 , pH 7.4. Active Ca 2+ loading by sarcoplasmic/ endoplasmic reticulum Ca 2+ -ATPase (SERCA) in the presence of coupling enzyme was done through three sequential additions of 45 nmol of CaCl 2 into cuvettes, with a stir bar constantly mixing the buffer. About 3 min after the baseline recordings were established, DMSO (vehicle), PCB 11^, PCB 11*, or PCB 95 (positive control) was added into the cuvettes. RyR1 channel blocker ruthenium red (RyR1, 2 μM) was added by the end of the recording to verify that the calcium release was mainly through RyR1. (Holland et al. 2017; Pessah et al. 2006) . JSR protein preparations from rabbit skeletal muscle (Pessah et al. 1987) were incubated in binding buffer containing 0.01 to 10 μM of two PCB 11 batches obtained from different sources in 0.5% DMSO. All assays were run in triplicate, and concentration responses were determined in at least two different JSR preparations using PRISM (GraphPad Software, La Jolla, CA, USA).
Results and discussion
Overview-synthesis of PCB derivatives
Gram quantities of individual PCB congeners and other PCB derivatives for environmental and toxicological studies can be synthesized using the Suzuki coupling reaction (Bauer et al. 1995; Joshi et al. 2011; Kania-Korwel et al. 2004; Kunz et al. 2006; Lehmler and Robertson 2001a, b; Li et al. 2010 McLean et al. 1996 Song et al. 2008; Telu et al. 2010; Zhu et al. 2013 ). In addition, the Cadogan coupling (Espandiari et al. 2003; Kunz et al. 2006; Lin et al. 2004; Saeki et al. 1979; van den Hurk et al. 2002) , Ullmann coupling (Hutzinger et al. 1971; Ma et al. 2016; Püttmann et al. 1986; Tas and Kleipool 1972; Waller et al. 1999; Webb and Mccall 1972) , and Sandmeyer reaction (Lehmler and Robertson 2001a; Nakatsu et al. 1982; Rignall et al. 2013; Safe and Hutzinger 1972; Schramm et al. 1985; Telu et al. 2010; Waller et al. 1999) can provide access to pure PCB derivatives. These different synthetic approaches have advantages and disadvantages from a synthetic perspective that should be considered when preparing PCBs or their metabolites, in particular for in vitro and in vivo toxicity studies.
The Suzuki coupling reaction of a suitable (chlorinated) benzeneboronic acid with a brominated or iodinated chlorobenzene derivative has emerged as a versatile approach for the preparation of milligram to gram quantities of PCBs and their derivatives (Bauer et al. 1995; Joshi et al. 2011; Kania-Korwel et al. 2004; Kunz et al. 2006; Lehmler and Robertson 2001a, b; Li et al. 2010; McLean et al. 1996; Song et al. 2008; Telu et al. 2010; Zhu et al. 2013) . Moreover, by-products of the Suzuki coupling reaction, including aryl-aryl transfer reactions from the ligand to the product (Kong and Cheng 1991; O'Keefe et al. 1992) or self-coupling reactions of the aryl boronic acid in the presence of traces of oxygen (Lehmler and Robertson 2001a) , are well investigated. Suzuki coupling reactions are particularly efficient for target compounds with ≤ 2 ortho chlorine substituents, but can also be employed for the preparation of sterically hindered PCB derivatives using a highly reactive catalyst, such as Pd(dba) 2 /2-dicyclohexylphosphino-2′,6′-dimethoxybiphenyl (DPDB) (Joshi et al. 2011 ). In our hands, the synthesis of sterically hindered PCB derivatives containing three or four ortho chlorine substituents with the Pd(dba) 2 /DPDB catalyst allows the synthesis of large quantities of these congeners, but results in products that can be difficult to purify due to the presence of lower chlorinated PCBs and other coupling products. Although a large number of brominated/iodinated chlorobenzenes as well as chlorinated benzeneboronic acids are commercially available, access to suitable starting materials represent another limitation of this approach.
The Ullmann reaction is commonly used to synthesize symmetrical PCB congeners by coupling chloroiodobenzenes in a sealed tube with copper bronze (Hutzinger et al. 1971; Püttmann et al. 1986; Tas and Kleipool 1972; Waller et al. 1999; Waller and Mash 1997; Webb and Mccall 1972) . This reaction is especially powerful for the synthesis of higher chlorinated PCB congeners with multiple ortho chlorine substituents which cannot be obtained by any other method. This reaction can also be employed for the synthesis of unsymmetrical PCB congeners by coupling two iodobenzenes with different substitution patterns; however, the resulting reaction mixtures contain three different products, which can be difficult to separate (Ma et al. 2016; Tas and Kleipool 1972; Waller et al. 1999) . The synthesis of PCB metabolites with a polar functional group can be an exception. For example, the products of the Ullmann coupling of 2,3,6-trichloroiodobenzene with 2,3,5-trichloro-4-iodoanisole can be separated by column chromatography because the polarity of the three products follows the rank order 2,2′,3,3′,6,6′-hexachlorobiphenyl (PCB 136) < 4-methoxy-2,2′,3,3′,6,6′-hexachlorobiphenyl < 4,4′-dimethoxy-2,2′,3,3′,6,6′-hexachlorobiphenyl (Waller et al. 1999) . The major drawback of the Ullmann coupling reaction, however, is the formation of undesired and potentially toxic by-products, such as dibenzofurans (Moron et al. 1973) or organotin products (Shaikh et al. 2006) .
The Cadogan coupling is a modification of the GombergBachmann reaction (Cadogan et al. 1962) and an important method to synthesize unsymmetrical PCB congeners and other biphenyls. In a typical reaction, a suitable chloroaniline is reacted with a large excess of a (chlorinated) benzene derivative in the presence of isoamylnitrite (Espandiari et al. 2003; Kunz et al. 2006; Lin et al. 2004; Saeki et al. 1979; van den Hurk et al. 2002) . The excess of the benzene derivative is removed, and the PCB congener is isolated by column chromatography over alumina followed by crystallization from methanol. The Cadogan coupling reaction has limited chemical regioselectivity and, therefore, is particularly useful for the synthesis of PCB congeners that give a single product. For example, the isolation and the purification of individual PCB congeners is greatly simplified if a chloroaniline is reacted with benzene, 1,4-dichlorobenzene, 1,3,5-trichlorobenzene, 1,2,3,4-tetrachlorobenzene, 1,2,4,5-tetrachlorobenzene, 1,2,3,5-tetrachlorobenzene, or 1,2,3,4,5-pentachlorobenzene, yielding congeners with a 2,5-, 2,4,6-, 2,3,4,5-, 2,3,5,6-, 2,3,4,6-, and 2,3,4,5,6-substitution pattern, respectively. The removal of the excess of the chlorobenzene, especially for higher chlorinated chlorobenzenes, represents a major challenge of these syntheses. Cadogan reactions producing a mixture of two or more PCB products also present a challenge to separate and may require extensive structural characterization to unambiguously determine the substitution pattern. For example, the Cadogan coupling of 3,4-dichloroaniline with 2,3-dichloroanisole yields a complex mixture of 2-methoxy-3,3′,4,4′-tetrachlorobiphenyl, 5-methoxy-3,3′,4,4′-tetrachlorobiphenyl, and 4-methoxy-2,3,3′,4′-tetrachlorobiphenyl (van den Hurk et al. 2002) . The structure of the corresponding hydroxylated PCB 77 metabolites, 2-hydroxy-3,3′,4,4′-tetrachlorobiphenyl and 5-hydroxy-3,3′,4,4′-tetrachlorobiphenyl, required 1 H nuclear Overhauser effect nuclear magnetic resonance (NMR) spectroscopy experiments to unambiguously determine their chemical structure.
Last but not least, the Sandmeyer reaction is a powerful reaction to introduce chlorine groups into existing biphenyl derivatives. This approach is commonly employed for the synthesis of large quantities of PCB 77 and PCB 153 from the corresponding benzidine (Rignall et al. 2013 ) derivatives (Hutzinger et al. 1971; Nakatsu et al. 1982; Safe and Hutzinger 1972; Schramm et al. 1985) . A modification of this method allows the facile synthesis of some PCB congeners, such as PCB 11 and PCB 52, by reducing the diazonium salts of the respective benzidines with hypophosphorus acid (Holland et al. 2017; Webb and Mccall 1972) . These PCB congeners can be obtained in good yield and excellent purity using this approach. This reaction can also be employed to further modify PCB amines (Lehmler and Robertson 2001a; Telu et al. 2010; Waller et al. 1999 ) and has been used as a key step in the synthesis of pure atropisomers of PCB 197 (Püttmann et al. 1986 ).
Purification of PCB derivatives
The synthetic PCB derivatives prepared by the aforementioned methods are frequently purified by column chromatography using silica gel as stationary phase or recrystallization from methanol, or a combination of both approaches. It is also possible to separate ortho PCBs, non-ortho PCBs, and/or polychlorinated dibenzodioxins (PCDDs)/polychlorinated dibenzofurans (PCDFs) using stationary phases such as alumina, charcoal, or Florisil (Athanasiadou et al. 1991; Goldstein et al. 1978; Loos et al. 1997; Mannila 1992; Peterman et al. 2006; Porter and Burke 1971; Storrhansen et al. 1992) . The level of activation of the respective stationary phase is critical for a successful separation (Storrhansen et al. 1992 ). In the case of particularly valuable synthetic products or when only small quantities are needed (e.g., as an analytical standard), PCB derivatives can also be purified by high-performance liquid chromatography with normal or reverse stationary phases (Ma et al. 2016; Püttmann et al. 1986 ). Charcoal treatment can be used, either during recrystallization or as part of a chromatographic cleanup step, to remove colored impurities or, as mentioned above, small amounts of PCDDs, PCDFs, and dioxin-like (DL)-PCBs for toxicological studies (Danielsson et al. 2008; Kania-Korwel et al. 2007; Marsh et al. 1999; Telu et al. 2010) . As discussed below, charcoal treatment has also been employed to purify an in-house synthesized batch of PCB 11, denoted PCB 11^ (Holland et al. 2017) .
Biological effects of impurities in synthetic PCBs
A number of receptors have been implicated in the broad range of PCB-mediated toxicities. For example, PCB congeners differentially activate the constitutive androstane receptor (CAR), pregnane X receptor (PXR), and other nuclear receptors (Denomme et al. 1983; Parkinson et al. 1983; Schuetz et al. 1998; Wahlang et al. 2014) . PCB congeners with zero or one ortho-chlorine substituent can bind to the aryl hydrocarbon receptor (AhR) (Bandiera et al. 1982) , thus mimicking the action of 2,3,7,8-tetrachlorodibenzodioxin (TCDD) (Goldstein et al. 1978; Safe 1994) . These DL-PCB congeners, for example PCBs 77 and 126, are of particular regulatory interest because of their mammalian and human toxicity, which appears to be mediated primarily via the AhR (van den Berg et al. 2006) . Other cellular targets of individual PCB congeners include, for example, ryanodine receptors (RyR) (Niknam et al. 2013; Pessah et al. 2006 Pessah et al. , 2009 ) and estrogen receptors (ER) (Machala et al. 2004; Matthews and Zacharewski 2000) . Because the potency of PCBs and their metabolites at the level of these and other cellular targets can differ by several orders of magnitude, it is important to remove and/or characterize impurities that may be present in a synthetic PCB congener and assess if the impurities contribute or even cause PCB-mediated toxicity. To address these issues, the European Union funded the ATHON project (Assessing the Toxicity and Hazard of Non-dioxin-like PCBs present in food) to facilitate the health risk assessment of NDL-PCBs using highly pure and well-characterized NDL-PCBs (see below). The following sections discuss two examples where impurities but not the PCB congener under investigation cause a biological effect.
Dioxin-like impurities in synthetic PCBs
An early study with a commercial PCB 153 sample containing traces of 2,3,7,8-tetrachlorodibenzofuran showed a mixed type of induction of cytochrome P450 enzymes in female rats (Goldstein et al. 1978) . Specifically, exposure of rats with this impure PCB 153 batch resulted in a dose-dependent increase in the activity of both CYP1A and CYP2B enzymes. In contrast, a pure batch of PCB 153 synthesized via the Ullmann coupling only slightly increased CYP1A enzyme activity, but increased CYP2B activity with similar potency as the impure c o m p o u n d . A t t h e s a m e t i m e , p u r e 2 , 3 , 7 , 8 -tetrachlorodibenzofuran was a potent inducer of CYP1A, but not CYP2B activity in this study. Taken together, the results from this study provide compelling evidence that small impurities, and not the parent PCB, can cause a toxic effect (e.g., induction of CYP1A enzymes). Because dioxin-like compounds bioaccumulate in the rodent and human liver due to binding to CYP1A2 (Chen et al. 2003; Diliberto et al. 1999) and are potent AhR agonists, even trace levels of dioxin-like impurities represent a major concern for in vivo studies, in particular sub-chronic and chronic exposure studies.
A more recent study provided an in-depth characterization of polychlorinated dibenzodioxins/furans (PCDD/Fs) and DL-PCB impurities in PCB 153 samples from several commercial suppliers (Danielsson et al. 2008) . Interestingly, PCB 77 and PCB 126 were the major DL-PCB impurities in the PCB 153 samples investigated. Moreover, PCDFs, such as 2 , 3 , 7 , 8 -t e t r a c h l o r o d i b e n z o f u r a n a n d 2 , 3 , 4 , 7 , 8 -pentachlorodibenzofuran, were major impurities, whereas PCDDs were minor impurities, with TCDD below the detection limit in all PCB 153 batches. Interestingly, the profiles of the impurities differed considerably between suppliers, and the total World Health Organization Toxic Equivalent Quotient of the impurities varied 5-fold, and the concentrations of the impurities ranged from 649 pg/g to 3.1 ng/g. The purification approach used by Danielsson et al. (2008) was used as part of the ATHON project to obtain NDL-PCB congeners with a purity > 99.9999%. The results from the ATHON project have resulted in numerous studies providing toxicokinetic data, toxicity profiles, and effect biomarker information for these highly pure NDL-PCB congeners (World Health Organization 2016).
RyR-active impurities in synthetic PCBs
Activation of RyRs by PCBs has been implicated in developmental neurotoxicity (Pessah et al. 2010) , and detailed structure-activity relationships for PCB-mediated RyR sensitization have been established (Holland et al. 2017; Pessah et al. 2006; Rayne and Forest 2010) . Quantitative structure-activity relationship studies predict that PCB 11, an environmentally prevalent PCB congener, does not activate RyR1. Consistent with the predictions, a highly purified batch of PCB 11, denoted as PCB 11^, lacked activity at the receptor (Holland et al. 2017) . Interestingly, at 10 μM, a commercial PCB 11 sample, denoted as PCB 11*, elicited a 7.4-fold (n = 2) increase in single channel open probability (P o ), whereas the highly purified PCB 11^, tested under identical conditions, showed negligible effects on P o (103% of baseline activity, n = 2; Fig. 1 ). These findings were confirmed by measures of macroscopic Ca 2+ fluxes across microsomes enriched in SECRA pumps and RyR1 (Fig. 2) . Here, vesicles are loaded with Ca 2+ by sarcoplasmic/endoplasmic reticulum Ca 2+ -ATPase (SERCA) activity (Ca 2+ loading phase), and release of accumulated sarcoplasmic reticulum Ca 2+ is monitored upon RyR1 activation. Addition of pure PCB 11^did not release Ca 2+ ; however, addition of the commercial PCB 11* with impurity elicited Ca 2+ efflux, albeit at a much slower rate compared to highly efficacious PCB 95. Finally, these findings were confirmed in [ 3 H]Ry binding assays where the highly pure preparation of PCB 11^showed no activity toward the receptor, whereas PCB 11* caused an approximate 200% activation (Fig. 3) .
Differences in the purity of the PCB 11 batches are a likely explanation for the observed differences in RyR activity. Indeed, an in-depth gas chromatographic (GC) analysis revealed these differences. A representative gas chromatogram of PCB 11* in total ion chromatogram mode revealed the presence of two impurities with retention times of 18.4 and 22.5 min (Fig. 4) . Both impurities were not present in the PCB 11^batch. The impurity at 18.4 min was tentatively identified as PCB 13 based on its mass spectrum, its retention time relative to PCB 11, and, ultimately, a PCB congener-specific analysis (see below). The impurity at 22.5 min was an as yet unidentified, non-PCB impurity (see Fig. S1 for the mass spectra of both impurities). In addition, congener-specific analysis revealed an approximately 10 times higher contamination of PCB 11* than PCB 11^with several other PCB congeners (Table 1) . Based on established structure-activity relationships (Holland et al. 2017; Pessah et al. 2006; Rayne and Forest 2010) and work demonstrating that NDL-PCBs likely display additivity at the RyR (Fritsch and Pessah 2013) , these PCB impurities, especially those containing ortho with meta chlorine substitutions (e.g., PCB 6, 25, and 26), may in part explain the RyR activity of PCB 11*, but not PCB 11^. In addition, the unidentified, non-PCB impurity in the PCB 11* batch likely contributes to the RyR activity observed in our studies, and further studies are needed to confirm the direct RyR activator(s) in this PCB 11 batch.
Recommendations for the characterization of PCB derivatives
The two examples discussed above demonstrate that even small impurities present in specialty chemicals used in toxicological studies, such as PCB derivatives, can result in false positive (or negative) outcomes in both in vitro and in vivo studies. It is therefore critical to characterize test compounds and provide adequate evidence to establish both their identity and degree of purity (homogeneity) in subsequent peerreviewed publications. Here, we outline a list of specific recommendations for the authentication of these compounds in the environmental health sciences and provide recommendations for reporting the authentication to ensure a rigorous and reproducible study design (Table 2 ). These recommendations also apply to other toxicants. Specific recommendations and relevant considerations for the points listed in Table 2 (Table S1 ), we recommend documenting and reporting their physical state to ensure a rigorous and reproducible study design. For example, several PCB congeners, such as PCB 11, are colorless oils or waxy solids, and other PCB derivatives, such as PCB quinones, are yellowish solids (Song et al. 2008) . The appearance of PCB derivatives also provides some clue as to their purity. In particular, some dihydroxylated PCB congeners are unstable and turn from white to gray to black over time, even if stored at − 20°C. & PCB and many of their derivatives are amenable to GC analysis. We recommend using gas chromatography-mass spectrometry (GC-MS) analyses at a minimum to assess and, ultimately, document both the identity and purity of synthetic PCB derivatives because this method uses comparatively small quantities. If instrumentation with a sufficient resolution is available, GC-MS methods are also an easy approach to determine the accurate mass of the test compound and, thus, confirm its identity. GC-MS analyses should be performed prior to any study to confirm the identity of PCB derivatives-mislabeling of vials containing PCB derivatives can happen occasionally, even for suppliers with strong quality control programs. Moreover, the original gas chromatograms and mass spectra can be easily provided as supplemental data in a peerreviewed publication. The inclusion of mass spectra in the supplemental data can, for example, facilitate a comparison of PCB metabolites used in different studies.
As shown in Fig. 5 , mass spectra of different methoxylated PCB 11 derivatives can be significantly different for ortho vs. meta and para substituted compounds, but also quite similar, as is the case for meta vs. para methoxylated PCB 11 derivatives. Last but not least, GC-MS analyses can be easily performed by core facilities at many research institutions and, thus, are easily accessible. & In addition to GC-MS, we recommend to document both the identity and purity of synthetic PCB derivatives using Fig. 1 Analysis of single RyR1 channel gating behavior before and after exposure to PCB 11 samples from two different sources on the cytoplasmic side of the channel (n = 2). Left panel is changes in channel gating behavior observed in the presence of a high purity PCB 11 preparation (PCB 11^). Right panel is changes in channel gating behavior in the presence of a less pure PCB 11 preparation (PCB 11*). Data for PCB 11^have been previously published (Holland et al. 2017) and are shown with permission from Toxicological Sciences (Oxford University Press)
proton and carbon NMR spectroscopy to facilitate a comparison between different studies. One disadvantage of this approach is that, compared to GC-MS, larger quantities (ideally 50 to 100 mg) of the PCB derivatives are needed, especially for carbon NMR spectroscopy. & Additional methods, such as accurate mass determinations, X-ray crystal structure determinations, and ultraviolet-visible (UV/Vis) spectra, represent other approaches that can be helpful to unambiguously identify PCB derivatives. Accurate mass determinations represent a straightforward method to verify the molecular formula of a PCB derivative. X-ray crystal structure determinations allow an unambiguous determination of substitution patterns and the determination of the absolute configuration, as we have shown recently for PCB 84 atropisomers ). However, these measurements require single crystals and, thus, do not represent a routine approach for the characterization of PCB derivatives. It is therefore not surprising that only a small number of crystal structures of individual PCB congeners and other PCB derivatives have been reported in the literature (for examples, see references cited in Joshi et al. 2011; Vyas et al. 2006 ). X-ray crystal structure determinations should be deposited with the Cambridge Structural Database. UV/Vis spectra or, more specifically, molar extinction coefficients provide limited structural information, but are useful information for experiments using UV/Vis detection (Li et al. 2010 ). Other analytical techniques may also provide valuable information about the identity of PCB Fig. 2 The less pure PCB 11* rather than the highly purified PCB 11ŝ ample induced the release of calcium actively loaded in microsomal vesicles. A. Scheme depicting the technique of the calcium transport assay. B. The representative traces of JSR vesicles through the SERCAand RyR1-mediated Ca 2+ flux events. During the loading phase, three sequential bolus of 45 nmol CaCl 2 were added and actively up-taken by SERCA into JSR vesicles. Three minutes after the establishment of stable baseline, vehicle (0.2% DMSO, gray), PCB 11^(10 μM, black), PCB 95 (10 μM, red), or PCB 11* (10 μM, purple) were added to the cuvettes to test their ability of calcium mobilization, followed by the introduction of a RyR1 channel blocker, ruthenium red (RR, 2 μM), to verify that the calcium release was mainly mediated by RyR1. Dashed lines with arrow indicate when the addition of reagent was made. C. Representative traces of the initial 70 s after the addition of vehicle (0.2% DMSO, gray), PCB 11^(10 μM, black), PCB 11* (10 μM, purple), or PCB 95 (10 μM, red). D. Summary of the initial release rates of Ca 2+ efflux (nmol/s/mg JSR protein). Data presented as mean ± SD, **p ≤ 0.01 or ****p ≤ 0.0001 vs. vehicle, ###p ≤ 0.001 or ####p ≤ 0.0001 vs. PCB 11^, and Bn.s.^indicates no significance compared to Veh. (oneway ANOVA followed by post hoc Tukey's test). The total replicate numbers denoted in panel D include some data published previously with permission from Toxicological Sciences (Oxford University Press; Holland et al. 2017) : for PCB 11* (n = 9) and PCB 95 (n = 4) and DMSO (n = 5) derivatives for specific experimental applications and can be used as appropriate. & Elemental analyses are a straightforward and wellaccepted method to determine the purity of synthetic compounds. Since this type of analysis is typically performed by an outside laboratory, elemental analyses represent an approach to independently verify the purity of a synthetic PCB congener and verify its theoretical molecular formula. We recommend this approach for all newly synthesized PCB derivatives. Indeed, our group has used this approach routinely as part of the characterization of many PCBs and PCB metabolites used for in vitro and in vivo studies. & Melting points are a quick method to identify a synthetic PCB derivative based on its published melting point and to assess its purity using its melting point range (see Table S1 for an extensive summary of published melting points of PCBs). We would like to point out that side products of a PCB synthesis can be misidentified based on their melting point. For example, although the melting points of organotin by-products obtained during the synthesis of PCBs via the Ullmann coupling reaction (Shaikh et al. 2006) are typically higher than the melting points of the target PCB, in some cases, both products can have similar melting points (Table S2 ). For example, the melting points published for 3,3′,4,4′-tetrachlorobiphenyl (PCB 77) and tetrakis(3,4-dichlorophenyl)stannane are quite similar and range from 170 to 178°C and 172 to 174°C for PCB 77 and tetrakis(3,4-dichlorophenyl)stannane, respectively. & Although many PCB derivatives are volatile and their purity can be determined by various GC methods, some PCB metabolites, such as hydroxylated PCBs and some PCB quinones Kania-Korwel et al. 2008b; McLean et al. 1996) , may require derivatization prior to GC analysis. Other PCB metabolites, such as PCB sulfate, glucuronide, and glutathione conjugates as well as DNA in the presence of PCB 11 obtained from different sources. PCB 11^was synthesized in our laboratory, and PCB 11* was purchased as a neat preparation from AccuStandard. Specific binding relative to the DMSO control (100%); mean ± SEM, n = 2 each ran in triplicate. Data for PCB 11^have been previously published (Holland et al. 2017) and are shown with permission from Toxicological Sciences (Oxford University Press) (Dhakal et al. 2013 (Dhakal et al. , 2012 (Dhakal et al. , 2014 Grimm et al. 2015 Grimm et al. , 2013 Grimm et al. , 2017 . If instrumentation Table 2 Checklist with recommended evidence, ranging from highly recommended (*****) to recommended (*), to establish both identity and degree of purity of synthetic PCB congeners in peer-reviewed publications. See text for additional discussion Source of PCB derivatives: commercial source • Source, purity and, potentially, catalog and batch numbers ***** • Purification method(s) (e.g., column chromatography on alumina, silica gel or Florisil; charcoal treatment; and recrystallization), if any ***** Source of PCB derivatives: Bin-house^synthesis • Synthesis route, including starting materials and reagents, with appropriate citation(s) or, if no published previously, a detailed description of the synthetic procedure *****
• Purification method(s) (e.g., column chromatography on alumina, silica gel or Florisil; charcoal treatment; and recrystallization) ***** Identity of PCB congeners (as supplemental data)
• Description of the physical state (i.e., colorless solid, waxy solid or oil for PCB derivatives) ***** • GC-MS chromatogram with using, for example, a typical 5% phenyl/95% dimethylpolysiloxane-based stationary phase and the corresponding mass spectrum a *****
• Proton and carbon NMR spectra (0-10 ppm for proton and 0-200 ppm for carbon NMR spectra, with expansions of multiplets) **** • Accurate mass determination (within 0.0003 amu of the theoretical value calculated for the expected molecular formula) *** • X-ray crystal structure determination ** • Ultraviolet-visible (UV/Vis) spectrum * Degree of purity • GC-MS chromatogram with using, for example, a typical 5% phenyl/95% dimethylpolysiloxane-based stationary phase and the corresponding mass spectrum (see above) as well as integration data, typically expressed as relative peak area a *****
• Proton and carbon NMR spectra (0-10 ppm for proton and 0-200 ppm for carbon NMR spectra; calibrated against TMS or CDCl 3 ) * * * * • Elemental analysis for carbon and hydrogen (and sulfur or nitrogen, if present) (within 0.4% of calculated values) *** • Melting point range for all solid compounds (narrow melting point range that is in close agreement with a cited literature value) *** • Purity determination by HPLC or LC-MS-based methods in certain cases (e.g., for PCB sulfates) to assess purity ** • Congener-specific impurity analysis using GC-ECD, GC-MS b or biological assays (CALUX) to assess potent impurities targeting specific receptors for studies requiring highly pure compounds, including animal studies Mass spectra (electron ionization mode) of methylated derivatives of hydroxylated PCB 11 metabolites, including a 2-methoxy-3,3′-dichlorobiphenyl, b 6-methoxy-3,3′-dichlorobiphenyl, c 5-methoxy-3,3′-dichlorobiphenyl, and d 4-methoxy-3,3′-dichlorobiphenyl. See BMaterials and methodsŝ ection for additional details regarding the GC-MS analysis with a sufficient resolution is available, LC-MS methods can also be used to determine the accurate mass of the test compound and, thus, confirm its identity. & Some studies (e.g., chronic animal studies) may require highly pure PCB congeners, with known amounts of specific impurities. As discussed above, we have applied a GC-MS-based, PCB congener-specific analysis method to identify and quantify PCB impurities in synthetic PCB 11 samples (Holland et al. 2017) . Alternatively, impurities of interest can be separated using chromatographic approaches and subsequently quantified using GC methods. An example for this approach is the identification of dioxin-like impurities in PCB 153 samples from different vendors described above (Danielsson et al. 2008) . & Nineteen PCB derivatives form stable rotational isomers, or atropisomers, under physiological conditions that are non-superimposable mirror images of each other (KaniaKorwel and Lehmler 2016a, b; Lehmler et al. 2010 ). These chiral PCB congeners and other chiral PCB metabolites, including those derived from axially chiral PCBs (Uwimana et al. 2017) , represent a special case with regards to establishing both their identity and degree of purity. To date, the absolute configuration of only a few atropisomers of PCBs and PCB metabolites has been established Pham-Tuan et al. 2005; Toda et al. 2012) . The identity of the atropisomers of PCB is therefore typically based on published optical rotations (see Haglund (1996a, b) and Pham-Tuan et al. (2005) for optical rotations of PCBs and PCB metabolites) and the elution order on a specific enantioselective GC and LC columns (e.g., see Kania-Korwel and Lehmler 2013) .
The purity of individual atropisomers should include both the chemical and atropisomeric purity of the PCB derivative under investigation, as well as the GC or LC column used to establish the atropisomeric purity. The atropisomeric purity is typically reported using the enantiomeric fraction (Kania-Korwel et al. 2008a) .
Considering the limited amount of (GC-MS and NMR) data that will provide an in-depth characterization of synthetic PCBs, a deposition of raw analysis data in subject-specific repositories (e.g., ChemSpider or PubChem) or general repositories (e.g., Dryad) may not be warranted for most toxicological studies, but it certainly represents an option to ensure the availability of these data to the research community.
Conclusions
PCBs and their metabolites can be synthesized and purified using a number of different approaches, each of which has advantages and disadvantages with regards to their synthetic ease and the trace impurities present in a pure PCB derivative. Highly active impurities, for example, dioxin-like or ryanodine receptor-active impurities, may lead to incorrect conclusions about the biological activity of a particular PCB or PCB metabolite, which may in turn confound the accuracy of applying experimental results in risk assessment. It is therefore critical to authenticate PCB derivatives prior to any experimental study and subsequently document their authentication in the peer-reviewed toxicology and environmental health journals. The objective of the guidelines for the authentication of synthetic PCBs proposed herein is to further improve the authentication of test compounds, with the goal of ensuring reproducibility in toxicological and environmental studies of environmental contaminants. Importantly, the proposed guidelines do not only apply to PCB derivatives, but should be utilized for the authentication of all organic toxicants, including other organic environmental contaminants.
